Summary
An Actinomycete isolate found to be prominent in the laterite soils of Acharya Nagarjuna University (ANU) Campus, Guntur was identified as Nocardia levis MK-VL_113 by 16S rRNA analysis. Cultural, morphological and physiological characteristics of the strain were recorded. Screening of secondary metabolites obtained from 4-day old culture broth of the strain led to the isolation of two fractions active against a wide variety of Gram-positive, Gram-negative bacteria and fungi. The structure of the first active fraction was elucidated using FT-IR, EI-MS, 1 H NMR and 13 C NMR spectra and identified as 1-phenylbut-3-ene-2-ol which is first time reported as a natural product. The compound exhibited good antimicrobial potential against the opportunistic and pathogenic bacteria and fungi. The antifungal activity of the strain and its metabolite were further confirmed with in vitro and in vivo studies. Evidence for the antagonism of the strain against Fusarium oxysporum, causing wilt disease in sorghum was demonstrated by the formation of inhibition zone in in vitro plate assay and reduction in the incidence of wilt of sorghum plants by using a green house trial. Analysis of the rhizosphere soil extracts by high performance liquid chromatography also demonstrated the production of the compound by the strain under in vivo conditions. As compared to the commercial fungicide mancozeb, the bioactive compound, 1-phenylbut-3-ene-2-ol was highly effective in controlling wilt of sorghum. Besides, the partially purified second fraction (PPF) subjected to gas 2009 . 05.002 Introduction Development of multiple drug resistant microbes revealed the need to search for new and novel antimicrobials (Wise 2008) . Among the antibiotic producing microbes, the class Actinobacteria represents a broad range of valuable and prominent sources of pharmaceutically active metabolites in which, the members of the genus Streptomyces alone contributes more than half of the naturally occurring metabolites discovered up to date. Besides, 60% of antibiotics developed for agricultural purpose were isolated from the same genus (Berdy 2005) . However, the percent of discovery of new metabolites from these common and ubiquitous actinomycetes has been declined (Kurtboke et al. 1992) . Hence, in the present era, search for rare actinomycetes has gained much importance in order to enhance the rate of discovery of new and potent antimicrobial agents (Mikami 2007) . Our continuous screening for new bioactive metabolites from Actinomycete genera resulted in the isolation of a strain MK-VL_113 from laterite soil sample of Acharya Nagarjuna University (ANU) Campus, Guntur which exhibited high antimicrobial potential. Therefore, in the present study, attempts have been made to study the taxonomic position of the strain as well as the extraction, identification and biological evaluation of its active metabolites.
Materials and methods

Microorganism
The actinomycete strain MK-VL_113 was isolated from the laterite soil sample of ANU Campus by employing soil dilution technique on glycerolasparagine-salts agar medium. The strain was maintained on yeast extract-malt extract-dextrose (YMD) agar medium at 4 1C for further study (Williams and Cross 1971) .
Taxonomic studies
Cultural, morphological, and physiological characteristics of the strain were studied according to the standard procedures (Shirling and Gottlieb 1966) . Cultural characters of the strain were recorded on International Streptomyces Project (ISP) media such as tryptone-yeast extract agar (ISP-1), YMD agar (ISP-2), oat meal agar (ISP-3), starch-inorganic-salts agar (ISP-4), glycerol-asparagine-salts agar (ISP-5), tyrosine agar (ISP-7) and non-ISP media like nutrient agar and Czapek-Dox agar media (Dietz and Thayer 1980) . The micromorphology of the strain cultured on ISP medium 2 at 37 1C for 5 days was examined under a light microscope (Kageyama et al. 2004a, b) . Utilization of carbohydrates was tested in minimal medium containing different carbon sources at 1% concentration (Isik et al. 1999 ). Tolerance of the strain to lysozyme, phenol, NaCl and the ability of the strain to produce different enzymes were tested in accordance to standard protocols (Holding and Collee 1971; Gordon et al. 1974 ). The strain was also examined for its ability to produce H 2 S, indole and acid (Poonwan et al. 2005) . The sensitivity of the strain to different antibiotics was determined by paper disc method which can also be used as a taxonomic aid to identify actinomycete genera (Goodfellow and Orchard 1974) .
Phylogenetic analysis
Extraction of genomic DNA of the strain was performed according to the method described by Rainey et al. (1996) . The 16S rRNA gene was amplified with primers forward (5 0 -GAGTTTGATCC TGGCTCA-3 0 ) and reverse (5 0 -ACGGCTACCTTGTTAC-GACTT-3 0 ). The amplified DNA fragment was separated on 1% agarose gel, eluted and purified using Qiaquick gel extraction kit (Qiagen, Germany). The purified PCR product was sequenced using the BigDye terminator kit ABI 310 Genetic Analyzer (Applied Biosystems, USA). Species related to the new soil isolate (MK-VL_113) was identified by performing a nucleotide sequence database search using BLAST program from GenBank. Sequence data of related species were retrieved from GenBank. Nucleotide substitution rates (K nuc values) were calculated (Kimura 1980 ) and the phylogenetic tree was constructed by using neighbour-joining method (Saitou and Nei 1987) . The statistical significance of the tree topology was evaluated by bootstrap analysis of sequence data using CLUSTAL W software (Thompson et al. 1997 ).
Fermentation
A loopful of well sporulated culture of the strain MK-VL_113 was inoculated into a 500 ml Erlenmeyer flask containing 100 ml of seed medium composed of yeast extract (0.4%), malt extract (1.0%), dextrose (0.4%) and CaCO 3 (0.2%) with pH 7.2. The inoculated flask was incubated on rotary shaker (250 rpm) at 28 1C for 48 h. Seed culture (10% v/v) was transferred to production medium consisting of 2% sucrose, 1% tryptone, 0.05% K 2 HPO 4 , 0.05% NaCl and 0.001% FeSO 4 Á 7H 2 O (pH 6.5) and incubated on rotary shaker (250 rpm) at 30 1C for 96 h.
Isolation, purification and identification of bioactive metabolites
The fermented broth collected at the end of 96 h was centrifuged and the culture filtrate thus obtained was extracted twice with ethyl acetate. The solvent extracts were pooled and concentrated in vacuum to dryness and the resultant crude dark brown residue was subjected to silica gel column chromatography (25 Â 5 cm, Silica gel 60, Merck) using gradient solvent system of hexane:ethyl acetate. Elutions collected from column chromatography were concentrated and screened for antimicrobial activity against Gram-positive (Bacillus cereus MTCC 430) and Gram-negative (Escherichia coli MTCC 40) bacteria and yeast (Candida albicans MTCC 183). Two active fractions exhibiting good antimicrobial potential were selected for further study. The structure of the first active fraction purified with HPLC semi-preparative column (250 Â 10 mm, 5 mm using hexane:2-propanol (8:2 v/v), scanned at UV 254 nm) was elucidated on the basis of FT-IR, EI-MS, 1 H NMR and 13 C NMR spectral data. Optical rotation of the pure compound was measured on a Perkin-Elmer 241 polarimeter.
The components of the partially purified second fraction (PPF) were analyzed on Agilent GC-MS system (GC: 5890 series II; MSD 5972). The fusedsilica HP-5 capillary column (30 m Â 0.25 mm, ID, film thickness of 0.25 mm) was directly coupled to the MS. The carrier gas was helium with a flow rate of 1.2 ml min À1 . Oven temperature was programmed (50 1C for 1 min, then 50-280 1C at a rate of 5 1C/min) and subsequently, held isothermally for 20 min. The temperature of injector port was maintained at 250 1C and that of detector at 280 1C (Boussaada et al. 2008 ). The peaks of the obtained components in gas chromatography were subjected to mass-spectral analysis. The spectra were analyzed from the available library data, NIST MS Search (version 2.0) (included with NIST'02 mass spectral library, Agilent p/n G1033A).
Biological assays
The antimicrobial spectra of the bioactive compounds produced by the strain were determined in terms of minimum inhibitory concentration (MIC) against a wide variety of Gram-positive, Gram-negative bacteria and fungi by using agar plate diffusion assay (Cappuccino and Sherman 2002) . Nutrient agar and Czapek-Dox agar were the media prepared for the growth of bacteria and fungi, respectively. The metabolite dissolved in DMSO at concentrations ranging from 0 to 1000 mg/ml was used to assay against the test bacteria such as B. cereus ( 
Antifungal spectrum of the strain MK-VL_113 under in vitro and in vivo conditions
In vitro screening Agar streak method was employed for initial screening of the strain against the wilt pathogen, F. oxysporum. At one end of the YMD agar plate, the strain MK-VL_113 was streaked horizontally and incubated at 28 1C for 5 days. This was done to allow the culture to be established on the agar surface and to sporulate prior to inoculation of the plates with the test fungus. An actively growing culture of F. oxysporum was placed about 6 cm away from the strain and the inoculated plates were incubated at 28 1C for 4 days. YMD plate containing F. oxysporum alone served as a control. The degree of antagonism was expressed by measuring the inhibition zone in terms of distance between the strain and the test fungus in dual culture (Taechowisan et al. 2005) .
Green house studies
Bioefficacy of antagonistic strain MK-VL_113 against F. oxysporum was evaluated on sorghum (Sorghum bicolor (L.) Moench) plants using the procedure described by Singh and Reddy (1979) with slight modifications. The experiment was conducted in polyethylene bags containing 500 g of autoclaved soil and includes five different treatments such as (i) soil inoculated with the pathogen alone, (ii) soil inoculated with the antagonistic alone, (iii) simultaneous inoculation of the soil with the pathogen and antagonist, (iv) soil initially treated with the antagonist and after 4 days of incubation inoculated with the pathogen and (v) uninoculated soil that served as control.
The pathogen grown on Czapek-Dox and that of the antagonist on YMD agar was used for soil inoculation. Antagonism of the strain against F. oxysporum was tested by raising the surface sterilized sorghum seeds in the bags and the incidence of wilted plants was recorded after 15 days. Data are the means of 10 plants per treatment and a result of three trials in green house experiments. The results are statistically analyzed with one-way analysis of variance (ANOVA) and the standard deviations of the mean values are calculated.
Detection of the active fraction in soil inoculated with antagonist followed by pathogen treatment
In addition, the sterilized soil pre-treated with the antagonist followed by pathogen treatment was also tested for the production of the active fraction by the antagonist under in vivo conditions while the uninoculated soil served as control. For the detection of active fraction, rhizosphere soil samples (500 g) were collected, soaked in ethyl acetate for 12 h and the obtained solvent layer was extracted with the same solvent. It was then concentrated under vacuum to obtain a crude residue (50 mg) which in turn subjected to silica gel column chromatography (25 Â 5 cm, Silica gel 60, Merck) using the gradient solvent system of hexane:ethyl acetate. Basing on R f values, elutions were collected and concentrated. As per procedure of Decker et al. (1990) , the presence of the active compound in the partially purified extract (10 mg) was further analyzed by using HPLC semi-preparative column (250 Â 10 mm, 5 m using hexane:2-propanol (8:2 v/v)) scanned at UV 254 nm.
Antifungal spectrum of the first active fraction under in vitro and in vivo conditions
In vitro screening
The antifungal spectrum of the first active fraction obtained from the strain was further confirmed by in vitro and in vivo studies against the wilt causing pathogen, F. oxysporum in sorghum. Its activity was compared with that of commercially available systemic fungicides like mancozeb and carbendazim. The conidial suspensions of F. oxysporum grown on Czapek-Dox agar at 30 1C for 10 days were treated with active fraction, mancozeb and carbendazim to give final concentrations of 0, 1, 10, 50, 100, 200 and 500 mg/ml. After incubation for 24 h at 28 1C, conidial germination was examined microscopically in five replicates (Hwang et al. 2001) . Results are statistically analyzed by two-way ANOVA and the standard deviations of the mean values are calculated.
Green house studies
The antifungal activity of the active fraction was also evaluated in vivo for its ability to suppress Fusarium wilt on sorghum plants in a growth room. Stock solutions of the antifungal compound were prepared by dissolving the active fraction, mancozeb and carbendazim individually in water+metha-nol (95:5), which in turn diluted to give different concentrations of 0, 50, 100, 200, 500, 700 and 1000 mg/ml. Seeds of sorghum were sown in plastic bags containing steam sterilized soil drenched with antifungal solution (30 ml). Three-day-old seedlings of sorghum were inoculated with conidial suspensions of F. oxysporum (10 5 spores/ml) by using soil drench method (Hwang et al. 2001 ). Disease severity on sorghum plants was rated after 15 days of inoculation based on the percent of wilted plants. Data were statistically analyzed by two-way ANOVA and the standard deviations of the mean values are calculated.
Results and discussion
Taxonomy of the strain
Cultural and physiological characteristics of the strain are recorded in Table 1 . The strain exhibited good growth on ISP-1, ISP-2, ISP-5 and ISP-7 while the growth was moderate in ISP-3, ISP-4 and nutrient agar media. Soluble pigment production by the strain was not found on the culture media tested except melanoid pigmentation on ISP medium 7. Micromorphology of the strain grown on ISP medium 2 showed white aerial mycelium with light orange colored substrate mycelium that fragments into rod-shaped elements, which is the characteristic feature of Nocardia (Hoshino et al. 2004 ). In the carbohydrate assimilation test, carbon sources such as galactose, glucose, inositol, lactose, maltose, mannitol, sorbitol, sucrose and xylose were utilized by the strain efficiently. It showed NaCl tolerance up to 7% and could produce enzymes such as catalase, chitinase, nitrate reductase, protease, tyrosinase and urease. It also showed various other biochemical activities like H 2 S, indole and acid production. It showed resistance to different antibiotics like amoxicillin, ampicillin, cephoxitin, clindamycin, cloxacillin, colistin, co-trimazine, furoxone, methicillin and streptomycin while it exhibited sensitivity to amikacin, bacitracin, ciprofloxacin, gentamicin, kanamycin, metronidazole, neomycin, nitrofurantoxin, polymyxin-B, rifampicin, tetracycline and vancomycin.
The phylogenetic position of the strain was determined by amplifying 16S rRNA region and sequence of the strain was examined by BLAST analysis. The results revealed that the strain belongs to the genus Nocardia, the suborder Corynebacterineae of the family Nocardiaceae. The 16S rRNA genome sequence of the strain showed 100% similarity with that of N. levis (Fig. 1) , thereby the strain MK-VL_113 was identified as N. levis and the 16S rRNA sequence was submitted to Genbank with an accession number FJ209734. This is the first report of N. levis from soil environment.
Isolation, purification and identification of bioactive metabolites
Chemical analysis of the secondary metabolites obtained from 4-day-old culture broth of the strain led to the isolation of two fractions active against Gram-positive (B. cereus) and Gram-negative (E. coli) bacteria and yeast (C. albicans). 
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Physico-chemical properties and structural elucidation of bioactive compounds
The active principle of the first fraction collected after HPLC purification appeared as yellowish solid, À1 suggested the presence of a hydroxyl residue and a double bond in the structure. In electron impact (EI) mass spectra, the compound showed molecular ions at m/z are 57 (40), 83 (70), 85 (53), 149 (15) and 171 (42) 144.30d, 134.52d, 128.43d, 127.56d, 125.84d, 118.78d, 73.37d and 44.05d . Optical rotation of the pure bioactive compound was determined as [a] 589 27 ¼ À12.1 (c. 2.5, CHCl 3 ). Based on these spectral data, the first active fraction was identified as 1-phenylbut-3-ene-2-ol with a molecular formula C 10 H 12 O (Fig. 2) .
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The partially purified second fraction subjected to GC-MS analysis revealed the presence of three peaks noted at the retention time of 13.39 (C1), 15.13 (C2) and 22.59 (C3) with M + at m/z 122, 278 and 166 g/mol of molecular weights, respectively (Fig. 3) . By means of available library data, C1, C2 and C3 in PPF were identified as phenylethyl alcohol, dibutyl phthalate and 1,2-benzenedicarboxylic acid, 3-nitro, respectively.
Biological assays Testing the minimum inhibitory concentration of the bioactive metabolites
The antimicrobial activities of the bioactive compounds were tested by agar plate diffusion assay. The two active fractions were found to be active against a wide variety of test organisms for which the MIC values ranged from 10 to 250 mg/ml (Table 2 ). Among the bacteria tested, P. flourescens and S. epidermis exhibited high sensitivity towards 1-phenylbut-3-ene-2-ol followed by B. cereus, P. solanacearum and S. aureus. C. albicans is highly sensitive to the compound when compared with other test fungi. Components of PPF showed good antimicrobial activity against S. aureus, S. epidermis, B. subtilis, C. albicans and A. niger.
Antifungal spectrum of N. levis MK-VL_113 under in vitro and in vivo conditions
The strain showed promising inhibitory effect on the growth of F. oxysporum as indicated by the diameter of the inhibition zone (20 mm) in in vitro ARTICLE IN PRESS Figure 3 . GC-spectra of a partially purified second fraction (PPF) of N. levis MK-VL_113. By means of mass spectral analysis, the compounds (C1-C3) with retention time 13.39, 15.13 and 22.59 in PPF are identified as phenylethyl alcohol, dibutyl phthalate and 1,2-benzenedicarboxylic acid, 3-nitro, respectively. plate assay. In vitro studies conducted earlier also indicated the antagonistic action of actinomycetes to the fungal pathogens causing plant diseases (Crawford et al. 1993; Taechowisan et al. 2005 Taechowisan et al. , 2009 . Fravel (1988) noticed that several actinomycetes which showed inhibitory activity under in vitro conditions were also antagonistic to fungal pathogens in in vivo studies.
Results regarding the antagonism of the strain against Fusarium wilt of sorghum in soil are recorded in Table 3 . It was found that simultaneous inoculation of the soil with the antagonist and the pathogen reduced the Fusarium wilt of sorghum up to 46.7% as compared to inoculation with pathogen alone. The reduction in the incidence of wilt was even up to 70% when the soil was pre-treated with the antagonist prior to inoculation with the pathogen. This may be due to the elaboration of bioactive metabolites by the strain before the establishment of pathogen. The plants in untreated ARTICLE IN PRESS Table 2 . Antimicrobial activities of 1-phenylbut-3-ene-2-ol and PPF produced by Nocardia levis MK-VL_113. Average of three trials with 10 plants per treatment (7SD). Data were statistically analyzed by one-way ANOVA and found to be significant at 5%.
soil as well as soil treated with the antagonist alone did not exhibit wilt symptoms and remained healthy. Cao et al. (2004) and Rizk et al. (2007) also reported the control of plant diseases by using antagonistic actinomycetes. Ours is the first report showing N. levis MK-VL_113 as biocontrol agent against Fusarium wilt of sorghum. The data were analyzed by one-way ANOVA and the differences between the treatments were statistically significant at 5%.
Detection of 1-phenylbut-3-ene-2-ol in soil inoculated with antagonist followed by pathogen treatment The incidence of Fusarium wilt on sorghum plants was greatly reduced in the soil pre-treated with the antagonist followed by pathogen inoculation. Therefore, the rhizospere soils collected from this treatment were extracted with ethyl acetate and the production of 1-phenylbut-3-ene-2-ol by the antagonist under in vivo conditions was detected by using silica gel column chromatography followed by HPLC with reference to that of active compound isolated from the fermented broth of the strain. These results clearly demonstrate the elaboration of 1-phenylbut-3-ene-2-ol by the strain under in vivo conditions (Fig. 4) , whereas in the extracts of uninoculated soil samples, presence of 1-phenylbut-3-ene-2-ol was found to be negative. Hence, it indicates that the compound was produced by the strain itself and these findings are in consistent with Thomashaw et al. (2008) who studied the significance of bioactive metabolites produced by the microbes in their native habitats.
Antifungal spectrum of 1-phenylbut-3-ene-2-ol under in vitro and in vivo conditions
The antifungal spectrum of the bioactive compound, 1-phenylbut-3-ene-2-ol was further evaluated under in vitro and in vivo conditions. As shown in Fig. 5 , 1-phenylbut-3-ene-2-ol inhibited the conidial suspension of F. oxysporum under in vitro conditions at a concentration of 200 mg/ml while the fungicides such as mancozeb and carbendazim exhibited inhibitory action at a level of 500 and 50 mg/ml, respectively. The efficacy of Figure 4 . HPLC chromatogram illustrating the production of 1-phenylbut-3-ene-2-ol in rhizosphere extracts of soil pretreated with Nocardia levis MK-VL_113 followed by Fusarium oxysporum inoculation.
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1-phenylbut-3-ene-2-ol, mancozeb and carbendazim on Fusarium wilt disease of sorghum was evaluated in vivo under a green house trial (Fig. 6) . In sorghum plants, Fusarium wilt is often characterized by wilting followed by the death of the affected plant. Stems and veins of diseased plants have discolored vascular tissue, usually yellow or brown. However, in the present study, 1-phenylbut-3-ene-2-ol, mancozeb and carbendazim were effective in controlling Fusarium wilt at concentrations of 500, 700 and 100 mg/ml, respectively. The efficacy of the bioactive compound, 1-phenylbut-3-ene-2-ol against the wilt disease was found superior to mancozeb but less effective than carbendazim.
Hence, it is clear from the present study, that 1-phenylbut-3-ene-2-ol produced by N. levis MK-VL_113 plays a prominent role in controlling the wilt causing pathogen, F. oxysporum.
The genus Nocardia remains as an outstanding resource for the isolation of novel and potent bioactive metabolites. Among the Nocardia spp., the strain N. brasiliensis was known to produce brasilidine A and EDDA possessing good antimicrobial potential (Imai et al. 1997; Kobayashi et al. 1997 ). Nothramicin, a new anthracycline antibiotic was recorded from Nocardia sp. MJ896-43F17 (Tsuda et al. 1996) . The strain N. brasiliensis IFM 0089 was reported to produce new cytotoxic antibiotics, brasiliquinones A, B and C (Momose et al. 1998 ). Three new benzenoid compounds named as nocarasins A, B and C were isolated from N. brasiliensis IFM 0677 (Tsuda et al. 1999) . Immunosuppressive agents such as 32-membered macrolides with a tetrahydropyrone and a 2-deoxypyranose and a novel tricyclic metabolite, brasilicardin A were obtained from N. brasiliensis IFM0406 (Komatsu et al. 2005) . Erythromycin E and nargeninus were isolated from N. brasiliensis IFM 0466 and N. otitidiscaviarum IFM 0986, respectively ). Other Nocardia spp. such as N. asteroides IFM 0959 and N. asteroides SCRC-A2359 elaborated new antitumor substances like asterobactin (Nemoto et al. 2002) and amamistatins A and B (Kokubo et al. 2000) . A clinical isolate of N. transvalensis IFM 10065 was reported to produce novel antifungal antibiotics like transvalencin A and transvalencin Z (Mukai et al. 2006) . A new angucyclinone antibiotic, chemomicin A was extracted from the culture broth of N. mediterranei subsp. kanglensis 1747-64 (Sun et al. 2007 ). Bioactive metabolites such as chrysophanol 8-methyl ether, asphodelin-4,7 0 -bichrysophanol, justicidin B and ayamycin-1,1-dichloro-4-ethyl-5-(4-nitro-phenyl)-hexan-2-one were isolated from Nocardia sp. ALAA 2000 (El-Gendy et al. 2008) . Two novel antibiotics, neocitreamicins I and II, were extracted from the fermented broth of Nocardia strain G0655 (Peoples et al. 2008) .
However, in the present study, the soil isolate, N. levis MK-VL_113 was found to produce a potent bioactive compound, 1-phenylbut-3-ene-2-ol which is not yet reported as a natural product. This is the first report of 1-phenylbut-3-ene-2-ol from N. levis MK-VL_113. In addition, the compounds such as phenylethyl alcohol, dibutyl phthalate and 1,2-benzenedicarboxylic acid, 3-nitro identified by using GC-MS analysis were also not yet reported from the genus Nocardia. The present investigation also reveals the efficiency of the metabolite, 1-phenylbut-3-ene-2-ol produced by N. levis MK-VL_113 as a bioactive compound against a variety of opportunistic and phytopathogenic bacteria and fungi and also as a good potential agent for controlling Fusarium wilt.
